and to London. Sir George had contact with the arts world in London, and during World War I served there as a medical orderly with a Royal Army Medical Corps unit. When Bill's brother contracted tuberculosis there were further reasons for travelling to the milder south.
These excursions interrupted Bill's formal schooling, as did a stammer that developed when he was seven years old. He spent some time at Kelvinside Academy (1915 and 1920) , Harriston School, near Dumfries (1916) , and Hastings Grammar School (1917), but thought that he benefited little from them. He was especially scornful of their attempts to instruct him in religion, organized sport and, later, cadet training. Bill regarded the interruptions to his schooling as 'of much more value than the schooling that interspersed them', for there was much intellectual stimulus, books and other facilities at home. His parents and siblings were busy most of the day, but met eagerly at meal times for lively, noisy debates that seldom included gossip. Bill recalled that the intensity of the conversation sometimes alarmed visitors who mistook it for quarrelling. A love of intellectual, combative discussion remained with Bill all his life. The development of a stammer in the youngest member of a noisy, articulate family was a serious matter, and it might well have been this that occasioned school changes and periods of private tutoring. It might also have delayed the realization that Bill had interests and talents outside the family's range. Eventually this became apparent to his father, by Bill's ability to help and advise in mechanical projects, such as the construction of a stove in the studio and the moving of rocks in the garden. With the construction of a schoolboy laboratory, Bill extended his biological and chemical experiments and indulged a passion for mechanical engineering. This both impressed and alarmed his family. Observing the gentle backwards thrust of a lighted blowtorch he attempted to harness this force by strapping the blowtorch to the perimeter of a detached bicycle wheel which was nailed to a fence so that it could rotate freely. The scream of the fiery, whirling contraption disturbed both the household and neighbours. Sir George was not surprised by the later development of jet engines, and wondered what Whittle had discovered that Bill had not.
C   
Four years at Rydal School, Colwyn Bay, completed Bill's schooling, prepared him for University and reinforced his dislike of religion and organized sports. More positively, the headmaster encouraged his existing enthusiasm for language and etymology, which gave Bill a lifelong love of words. Financed by his mother, he entered Emmanuel College in Cambridge in 1925 to study chemistry, physics and mathematics. He was ill prepared for university mathematics, and after a year replaced it with physiology. Because of this change he spent three years over Part I of the Tripos, using part of the third year to attend some Part II lectures. He benefited greatly from the practical physics classes of G.F.C. Searle (F.R.S. 1905), learning 'for the first time, what was involved when one observed anything'. An even greater influence was the demonstrators and lecturers in the Biochemistry Department of Sir Frederick Gowland Hopkins, F.R.S. 'The gay argumentativeness of this group,' Bill wrote, 'coupled with Hopkins's charm of manner and Haldane's erudition was what changed me from a chemist to a biochemist.' Aided now by a College studentship, he completed Part II Biochemistry in a year, graduating BA in 1929. This year also saw the publication of Bill's first research paper (1) * , an indication of his blooming in the newly found ambience. It concerned the titration curve of the then fashionable peptide, glutathione, work that had started in Part II classes and was rounded off with the use of a novel glass electrode and the collaboration of Mrs K.G. Pinhey. A little luck aided their logic in assigning the correct structure to the compound.
After graduating in 1929, Bill was awarded a College Research Studentship, and Hopkins invited him to become a demonstrator in his department. He revelled in this situation for the next five years, working on the purification of sulphur compounds and their metabolism in dogs, and writing 13 papers. He refined Hopkins's method of precipitating mercaptans with cuprous oxide, making large amounts of highly pure glutathione available to colleagues. During this work he discovered the advantages of freeze-drying non-crystalline substances (39, 48). Working late one Christmas in the poorly heated laboratories, a solution of glutathione that he was drying in a desiccator froze; when it was dried without thawing it yielded a product of unexpectedly fine, feathery texture. This impressed many colleagues, including David Keilin (F.R.S. 1928), and helped to introduce freeze-drying into biochemistry.
This must have been a heady, busy time for Bill. He worked long hours in the laboratory, so that the laboratory magazine, Brighter Biochemistry, referred to him as 'Pir, who sleepeth not neither doth he rest'. He delighted in the company of lab-mates such as Hans Krebs (Sir Hans Krebs, F.R.S.) and the younger Dick Synge (R.L.M. Synge, F.R.S.), and in the convivial, intellectual debates in local pubs, especially 'The Bun Shop'. His social life must have been full also. In 1930 he edited Brighter Biochemistry with his colleague Antoinette (Tony) Patey whom he married in 1931. He was involved with left-wing organizations concerned with social matters both national and international. In 1930 he joined an expedition to central Spitzbergen; the written account (Jackson 1931 ) describes him as 'nearly indefatigable when going over rough country'.
In 1932 Bill was urged by Hopkins and the pathologist H.R. Dean to collaborate with Ashley Miles on the antigenic relationship between Brucella abortus and B. mellitensis, the causal agents of, respectively, contagious abortion in cattle and Malta fever in humans. Bill welcomed this change of interest and found Miles (later Sir Ashley Miles, F.R.S.) a congenial collaborator. A concern that some antigenic agents might be derived from the agar on which the bacteria were cultured led to a study of its components. Then followed a detailed examination of the surface antigen that was extracted from the surface of B. mellitensis. The results, published in five papers in 1939 (Neuberger 1990), suggest a complex structure, involving a backbone of formylamino carbohydrate, and possibly another carbohydrate, combined with phosphate, amino acids and at least two phospholipids. Moreover, it exists in two states of aggregation with different toxicities. In a Biographical Memoir on Miles, Neuberger (1990) comments that this work was probably one of the first describing the structure of an endotoxin in any detail. The work was not followed up, and in a later article (42), Bill appealed in vain for newer information on the unusual N-formylaminohydroxy component.
These papers were not the end of the collaboration. Bill and Ashley jointly edited a symposium on the nature of the bacterial surface in 1949 (15) . Nor were they the end of work on Brucella. Although infection with B. abortus could be controlled by a live vaccine, Bill was asked to make a bulk batch of antigen to test for the same purpose; although this proved effective in guinea-pigs, its efficacy in cattle was doubtful (13).
R   
The work on Brucella gave Pirie a taste for working on complex molecules and for collaborating with a congenial colleague who had 'contiguous rather than overlapping skills'. It also brought him into contact with another such person, Fred Bawden (later Sir Frederick Bawden, F.R.S.). Bawden, then working at the Potato Virus Research Unit in Cambridge, was learning serological techniques from the pathologist E.T.C. Spooner in order to apply them to his extracts of potato leaves infected with potato virus X (PVX). Bill and he were slightly acquainted as they belonged to the same college. Bill was surprised to learn that Bawden expressed the antigenic cut-off of his preparations on a dilution basis, and offered to measure their content of indiffusible dry matter. Thus began a friendship and a fruitful collaboration that ended only with Bawden's death some 38 years later. Bill described this friendship and collaboration several times (34, 36, 40).
They summarized their work on PVX in two papers in 1936, describing a method for its partial purification and the effect of inactivating reagents and proteolytic enzymes on its infectivity and antigenicity. However, their characteristic critical attitude was already evident. They were conscious of impurities in their preparations and also in the crystalline proteases that they used; although they concluded that the virus contained an essential protein component, they did not assume that it did not also contain other equally important components. In this year Bawden moved to Rothamsted Experimental Station (RES) in Hertfordshire, but this separation of 45 miles strengthened rather than weakened their collaboration. Bawden was now free to work on viruses other than those of potatoes, including the more stable, and more fashionable, tobacco mosaic virus (TMV). Within a few months, and using methods that 'had been standard in protein chemistry for half a century' (48), Bill had made concentrated and purified extracts that had the characteristic sheens and optical properties associated with TMV, and showed that the major protein component of these extracts contained 0.5% phosphorus and 2.5% carbohydrate (2, 3).
Pasteur commented that 'chance favours only a prepared mind', and Bill's mind was well prepared to interpret these observations. The anisotropy of flow, or streaming birefringence, of dilute preparations was interpreted as the behaviour of long rod-like particles that become linearly orientated during liquid flow; the dense, anisotropic jelly-like phase that separated from more concentrated preparations was recognized as liquid crystals composed of orientated packages of these rods. Dried films of the preparations showed curious 'herringbone' patterns, which Bill's friend J.D. Bernal (F.R.S. 1937) examined by X-rays to confirm the presence of rod-like particles with a width of ca. 15 nm and a regularity of internal structure (2). Bill (3) estimated their length by assuming that the suspension of rods formed liquid crystals at a concentration at which they no longer had room to rotate; his values of 180 or 1400 nm straddle the value of 300 nm later derived from electron microscopy. However, an important conclusion from these estimates was that even the most dilute solutions needed to cause infection contained many thousands of particles; this argued for caution in assuming that the rods were the virus, and not by-products of the infection. The paracrystalline properties of the virus preparations attracted more immediate attention than their phosphorus content and the demonstrated presence of 'nucleic acid of the pentose type', modern RNA. The streaming birefringence with its chromatic sheens was spectacularly demonstrated at a Royal Society soirée, when dilute suspensions of TMV, stirred by goldfish and sea horses, were viewed through crossed Nicol prisms (2). Bill wryly commented later that the demonstration was initially more popular with fish physiologists than with plant pathologists.
The work was quickly extended to strains of cucumber mosaic virus (4) and the more troublesome PVX (6), and concentrated preparations were made that contained RNA, showed streaming birefringence and could form anisotropic liquid crystals. Similar nucleoproteins were extracted, albeit in smaller amounts from plants infected with a very dissimilar group of insect-transmitted viruses (8). Preparations of tomato bushy stunt virus, however, yielded dodecahedral crystals, the first true, three-dimensional, plant virus crystals (7). These were shown to be isotropic, suggesting the presence of compact rather than rod-like particles, but they too contained nucleic acid and in larger proportions than the rod-like viruses. Bill and Fred were still cautious about the frequently made assumptions that the preparations were 'pure', that the nucleoproteins were the virus, and that the nucleoproteins were not altered during 'purification'. A concern with precision in both logic and language spurred Bill to write critical articles on 'The criteria of purity used in the study of large molecules of biological origin' (9) and on 'The meaninglessness of the terms Life and Living' (5). Bill later (48) justified their cautious and critical approach by reference to crystals obtained from the Rothamsted strain of tobacco necrosis virus (TNV): washings of these crystals are much more infective than are solutions of the washed crystals (11) . This separation of infectivity and crystallinity was a salutary warning; later workers at Rothamsted showed that the crystals were not those of TNV but of a 'satellite' virus that had an incomplete genome and could not replicate in the absence of a 'helper' virus.
The time was clearly ripe for the characterization of plant viruses, and there were several competing groups of workers. Takahashi & Rawlings (1933) had noted birefringence in extracts of TMV-infected plants, but thought that it also existed in extracts of healthy plants. There had been a number of claims to have isolated TMV, most notably that of W.M. Stanley of Princeton, New Jersey, who described his preparations as 'crystalline'. His claim had caused much general excitement, and after its brief announcement in Science (Stanley 1935 ) it was given accelerated publication in Phytopathology (Stanley 1936) . The attention that this work and its sub-sequent development received finally brought Stanley a Nobel Prize in 1946, which he shared with the protein 'crystallizers' J.B. Sumner and J. Northrop. However, the described properties of his preparations differed strikingly from those of Bawden and Pirie. Stanley's 'crystals' were of a globulin-type protein, with a high nitrogen content and no phosphorus or sulphur. For many years Stanley refused to accept that the virus contained nucleoprotein, only finally conceding this in his Nobel Lecture (Costa 1993) . Relations between the two groups of workers were not always cordial. Bill's retrospective accounts of this dispute (34, 48), and of Stanley's gradual acceptance of the viral properties that he and Bawden had described, have been accepted by viral historians (Waterson & Wilkinson 1978) . His speculations about the nature of the main component of Stanley's initial preparations remain unresolved. In contrast, the properties of TMV described by Bawden and Pirie (3) are recognizably those now accepted for TMV.
It was mainly for his contribution to this work that the Royal Society invited Pirie to give the Leeuwenhoek Lecture in 1963 (31) Bill followed Bawden to RES in 1940 at the invitation of its director, Sir (Edward) John Russell, F.R.S., to become 'Virus Physiologist'. Before the move, he and Bawden had searched for more definite evidence that the nucleoprotein in TMV preparations was the virus, by studying the effect of disruptive agents on infectivity, protein serology and physical properties. During this work the RNA was frequently separated from the protein. Bill recollected (48) that they had no prejudice against finding this RNA to be infective, but they paid little attention to the slight activity occasionally detected. It was not until 1956 that Gierer and Schramm and others showed that RNA carried the viral infectivity (see Waterson & Wilkinson 1978) . By this time techniques in handling fragile RNA had improved, and attitudes to nucleic acids revolutionized. One can speculate, as Bill did (36), that the history of nucleic acids research would have been different if he had paid more attention to the traces of infectivity in isolated RNA, and that this infectivity might have been more substantial if his laboratory had been nearer to that of Bawden.
Creative collaboration between Bawden and Pirie continued throughout the war years, but became less intense as their interests changed and new responsibilities arose. Bawden became the head of the Plant Pathology Department in 1940, and Director of RES in 1959. The biochemists attached to Plant Pathology coalesced into a formal Biochemistry Department around Bill in 1947, just as interest in extracting edible leaf protein was reviving, Nevertheless Bill and Bawden produced 11 more joint papers. In a 1953 review (21), they argued that virus replication in plants was an aberrant form of normal leaf metabolism in which the mechanisms of protein and nucleic acid synthesis had been 'hijacked' and redirected by the virus. They also argued that the redirected processes were more likely to produce a variety of related proteins and nucleoproteins than a single homogeneous product. This directed their attention away from the dominant nucleoproteins in leaf extracts to searching for other aberrant macromolecules that might be intermediates in virus replication, or forms in which virus exists in vivo. This approach had its critics, and Max Delbrück, who organized a symposium to which they contributed in 1950 (16) , suggested in a letter to Bill that they were focusing their attention on side-effects. Moreover, the techniques then available were not adequate for this search. They encountered many systems in leaf extracts that inactivated viruses or viral RNA, and they tried to relate the occurrence of these to the very large differences in susceptibility that occur in leaves of different physiological states. By 1960, when it was generally recognized that an initial stage in infection was the disassembly of the virus, they began to concentrate on the nucleic acids in infected leaves and the fate of 32 P-labelled TMV-RNA added to the leaves. Interruptions delayed this work, and the rather complex results were published only after Bawden's death in 1972 (37, 38). Principal findings included the fixation of RNA to leaf fibre during extraction, and the absorption and co-precipitation of nucleic acids with calcium phosphate, The resulting papers, which Bill said were even harder to write than they are to understand (48), may tell us more about the behaviour of RNA in leaf sap than they do about RNA in the cell.
Bill was reluctant to believe that even highly purified protein would be homogeneous enough to have a characteristic amino acid sequence. Seeking unrecognized components that might affect leaf infectivity therefore seemed more fruitful than did the detailed analysis of the proteins and RNA of purified viruses when this became possible. He quoted (40) with approval Bawden's forceful but mistaken dismissal of this type of work as 'taxonomy': the quotation continued, 'There is nothing easier than to put a virus through the current range of standard machines', and ends, 'It is much to ask someone to give up this easy approach to publication and tackle the more difficult problems of pathology.' This 'easy approach to publication' was not encouraged in Bill's department, where the major theme was the enzymic changes that occur in extracts of leaves, a theme related to his leaf protein project.
In 1953 Bawden and Pirie had speculated that 'the specificity of protein synthesis is as likely to result from the specific nucleotide arrangements as from any other type of specific structures' (21). In spite of this prescience, it was only reluctantly that Bill accepted the advent of the genetic code. He was dismissive of physicists, from Schrödinger to Bernal (50), who had new ideas on 'the secret of life', and like others of his generation disapproved of the term 'molecular biology' (46, 47) . He impishly preferred Chargaff's alternative description of 'baroque biochemistry' (27). He knew that there had been periods during which it had been fashionable to attribute most biochemical specificity to either carbohydrates or to proteins. He disliked this 'monotheism' intensely, arguing that specificity or information could be carried by many types of polymeric molecules. He had witnessed the reluctance of biochemists to take the viral nucleic acid seriously, but he was equally unhappy at the revolution that made nucleic acids pre-eminent. He was not just being provocative when he later argued that the time of the lipids will come; when techniques can unravel the structure of complex lipids, they will also reveal the potential for carrying much specificity and information.
L    
Pirie's concern with extracted leaf protein (LP) as a human food grew out of his early awareness of the lamentable maldistribution of the world's food resources. Influenced by the reports of Boyd Orr in the 1930s, he helped to form a 'Committee Against Malnutrition' at Cambridge (49). He first publicly advocated the use of LP in the early days of World War II to a group of radical Cambridge scientists who were critical of the Government's war preparations. Bill predicted that food shortages would develop, as they had in World War I, and suggested that grasslands would be more efficiently employed in producing protein for direct human consumption, rather than as fodder for cattle. The idea, which emphasized the inefficiency with which fodder is converted to meat, was not novel, and had been advocated most recently by Slade (1937) . However, it was not until the fall of France in 1940, by which time Pirie was at Rothamsted, that the idea was taken seriously, and he was asked to cooperate with a group at Imperial Chemical Industries to investigate its possibilities. He expressed his idea to a symposium of the Society for Chemical Industry in 1942 and summarized it in Nature (10). Thus began the flow of about 190 research papers, reviews, lectures and newspaper articles devoted to LP and its place in world nutrition, which continued for 54 years. In addition Bill wrote or edited three larger texts (32, 35, 43) ; characteristically, the revenues from some of these were covenanted to OXFAM.
From the beginning he realized that the major problem was not the intrinsic quality of the protein, but its satisfactory extraction from leaves. For two years he toured the country testing a wide variety of industrial mills and presses for suitability. Government support and encouragement, however, was ambivalent; it waxed and waned (43, 52) . With the establishment of food supplies from the USA under the Lend-Lease Agreement, support waned completely. Related experiments with LP in India, the USA, the USSR and elsewhere, which had been done mainly under wartime stresses, were also discontinued. However, by this time Pirie had experience with hammer mills, screw expellers, ball mills, roller mills and woad extractors and began to realize what was required of suitable machinery. His enthusiasm did not diminish with the diminishing support, and was expressed in advocacy and laboratory studies.
A postwar recognition of the poor nutritional state of the world's inhabitants, and a neo-Malthusian concern for population growth, rekindled national interest. Over ten years later, Pirie could quote statistics from the UN Food and Agriculture Organization (FAO) showing that 1800 million of the world's inhabitants were hungry and that mouths were increasing by 40-50 million a year (26). However, although there was support from the Agricultural Research Council for five years, the project never became part of the Rothamsted programme. Its financial state was precarious and depended on grants from the Rockefeller Foundation (1958-63), the Wolfson Foundation (1965-68 and 1976-79) , and from the International Biological Programme (IBP, 1966-70) . In 1967, the charity 'Find Your Feet', which was much concerned with Third World hunger, adopted the LP project; ably led by Carol Martin, it helped to extend the production of LP in India, Ghana, Mexico and Sri Lanka and to prove its value (48) (Martin 1990) .
Pirie was convinced early on that leaves could not be disrupted, and protein-containing juice expressed from the pulp, in one stage. The problems then were to design a pulper to disrupt leaf material, a press to separate the juice from the fibrous residue, and equipment to coagulate the protein from the juice, collect it, wash it if necessary, and to press it into a state dry enough for immediate use or storage. Fairly large-scale units, extracting about a tonne of leaf material per hour, were envisaged, suitable for factory-sized operation or, following the advice of Sir William Slater, for large farms (52). The prototype machinery also had to provide enough LP for evaluation. The suggested sources for the protein were waste leaves such as potato haulms, or specially grown lush, leafy crops not necessarily of conventional species. He realized that to be commercially viable, especially in developed countries, the units must be integrated into farming practice, and that use would have to be made of extracted LP and its by-products; the fibrous protein-containing residue could be used by ruminants, and the 'whey' separated from the coagulated protein could possibly be used as a medium for microbial fermentation. Pirie was advocating not only a novel protein product but a more radical approach to crop processing in general, an approach that he called 'biochemical engineering'. He expounded this 'fusion of engineering skills with biochemical interests' in a number of articles and described it 'as the art of studying a biological raw material to find out what useful components could be separated from it and to what useful biological conversions the residue would be susceptible' (22, 24). He thought the idea, properly developed, could profoundly change attitudes to crop selection and breeding.
From experience with industrial mills, Bill concluded that what was required was a leaf pulper that rubbed and abraded leaves relatively gently so as to destroy cellular integrity, and a press that squeezed the resulting pulp gently for a few seconds to allow the juice to flow freely away from the absorbent fibre. No existing machine did that and so suitable machinery had to be designed. By the 1950s he and David Fairclough (23) had designed and built a largescale pulper and press. The pulper, based on a commercial 'coir sifter', was a large drum in which some 50 beating arms rotated at speeds between 400 and 1500 revolutions per minute. It proved satisfactory and its principles were used in subsequent machinery for over 20 years. The press, involving an endless belt of steel wedges was, however, both elaborate and expensive. Although it was patented, it was soon replaced by presses with flexible fabric belts, designed principally by Glyn Davys (43) . Later developments reflected the need to produce machines suitable for less-developed countries (LDCs). Bill saw the necessity for 'appropriate technology' before it became a popular conception. One such product in 1961 was the 'village unit' (29, 48) in which pulping and pressing were done in one stage by a heavy, ribbed roller. Many such units were sent overseas to LDCs. More appropriate machinery was made and exported in the enthusiasm that followed the award of IBP grants and when overseas workers, many with Rothamsted connections, were doing agronomy tests on novel plant species (35, 43) .
Pirie was never satisfied with his machines, and he occasional denigrated 'our amateurish contraptions'. In the late 1970s he returned to the possibility of a one-stage process for leaf abrasion and juice extraction. He and Butler (43, 45) radically modified an industrial screw-expeller for this purpose. In his last review in 1992 (55), Bill recommended its principles for small-scale extractors but accepted that the 'pelleting press' of Bruhn and his colleagues (Ream et al. 1983 ), which uses large pressures to extrude leaves through holes in a cylindrical die, might be best for large-scale production. He concluded that 'in spite of half a century of large scale work on LP, the first step in the process is still the most uncertain'. By 1961, enough was known about the taste, texture, composition and storage properties of LP prepared by these machines for attention to be paid to culinary aspects. Prejudice against eating a novel greenish-black product, often with unfamiliar flavours, was well expected. With the help of John Morrison and Marjorie Byers, Pirie (35, 43) presented a list of recipes that had proved acceptable to friends and colleagues; visitors to Rothamsted, including D.B. Sen, then Director of the FAO, and lecture audiences were regularly offered 'cocktail snacks' that partly disguised the colour of LP and added a familiar flavour. Pirie never doubted the nutritional value of LP if it were carefully and quickly extracted, and he was concerned that premature tests had been done elsewhere on inadequate preparations. Little was known of LP's amino acid composition until the later studies of Byers (see (35, 43) ), but he argued that LP was composed of so many proteins that it was statistically unlikely to be deficient in any essential amino acid as are legume and cereal seeds; at this time the overwhelming contribution of the protein ribulose bisphosphate carboxylase/oxygenase (Rubisco) to LP was unappreciated. Early indications from animal trials that the Rothamsted preparations were nutritionally adequate were amply confirmed by trials on chickens, rats and pigs done at the Rowett Research Institute (A.A. Woodham; see (35)). These results showed that it was as good a source of protein as commercial fish meal or soybean meal. The senior nutritionist in this work was John Duckworth, then Head of the Animal Nutrition Division at the Rowett. Bill recalled (52) that Duckworth's commitment to this work was teased out of him after he had made disparaging remarks about LP during a convivial pub conversation.
Self-administration convinced Pirie, and his colleagues, that properly made LP had no adverse effects on humans other than to induce some faecal greening. More objectively, Waterlow (1962) demonstrated its value in restoring the nitrogen balance in malnourished infants in the West Indies. Since then a surprisingly large number of feeding trials have been conducted in India, Pakistan, Sri Lanka, Nigeria, Mexico and elsewhere, in which comparable groups of children fed on a local basal diet were given protein supplements such as milk, cereals or freshly made LP; their progress over various periods was monitored in terms of growth, haemoglobin count and physical appearance. These trials (35, 43) provided much encouragement. Many of these tests were conducted by scientists who had worked in Rothamsted and had been aided by Bill. A notable one in Coimbatore, South India, was supervised by Dr R.P. Devadas for 'Find Your Feet' and studied 250 children for two years (see (43) ). The LP, made from lucerne and suitably presented, proved more effective in stimulating growth than all other supplements except skimmed milk. Moreover, because of its content of β-carotene, it uniquely raised the level of retinol in the serum.
When Pirie embarked on the LP project, he was warned by Sir John Hammond, F.R.S., and Sir John Russell, both directors of research institutes, not to expect a quiet life and to expect trouble (52). There was indeed scepticism and even hostility in the UK to the concept of using LP either as a food or fodder. Carol Martin (1990) forcefully describes this hostility and bureaucratic obstruction. Pirie frequently castigated it. 'Bureaucrats,' he wrote, 'are the main obstacles to change', and he quoted Prawl with approval: 'It's the agents of change that don't like change' (41). He was especially critical when the hostility was silent and his advocacy was ignored rather than criticized. Some scepticism was probably due to the very radical nature of the changes advocated. The cause was not helped by Bill's impatient and often overbearing manner, which upset sympathetic collaborators as well as 'well-fed planners'. However, Pirie was probably correct in attributing much opposition, for instance inside the Protein Advisory Group of FAO, to experience with poorly prepared LP in the 1950s. Thus LP made at the Grasslands Research Institute (GRI) at Stratford-on-Avon was judged in 1956 (Raymond & Tilley 1956 ) to be of low and variable nutritional value, to be deficient in lysine and to be twice as expensive to produce as comparable peanut meal. Similarly, LP made in Jamaica was judged (Mendes 1965 ) to be 'a commodity of doubtful value, … high retail cost…, and … one which would be extremely difficult if not impossible to get across to the section of the population who would benefit most from it'. Ironically Bill had been involved with both projects. That at GRI (1948-55) was established and directed by him for three years before he set up 'rival' machinery at Rothamsted. He had also advised on the Jamaican project. There is even more irony here, as it was with malnourished Jamaican infants that Waterlow had demonstrated the efficacy of LP made carefully in RES. Perhaps what the project lacked in the early days was an appreciation of the lability of proteins in leaf sap and of the necessity to coagulate and separate them quickly.
It is difficult to summarize the current state of LP production. The project did not develop as quickly as was expected in the 1950s, when drastic food shortages were predicted and Bill thought that meat-eating might become an almost unaffordable luxury. This is not because the world's population did not increase, for his alarming 1951 anticipation of 'four thousand million mouths' (17) has since been exceeded. Undoubtedly the efficiency of more conventional agriculture has increased tremendously. However, there is still enough interest in LP and leaf fractionation to continue the series of international conferences that Bill started in 1988; the sixth of these, in Russia in 1996, had representatives from 22 countries. Interest in LP in the more developed countries concerns the conservation of leafy fodder for ruminants, with the dried fibre being the main product and LP a valuable by-product. Commercial experience of this has been mixed, although in northern France it is estimated that 12 000 tonnes of LP were produced in 1989 and sold as feed for pigs and chickens; its xanthophyll content is valued for the colouring it gives to chicken skins and egg yolks. Research on LP for human consumption continues in India and some LDCs, although some former proponents (e.g. Singh 1996 ) are now dismissive of these charitable projects. Practical attempts to introduce it as food into rural communities still depend, initially at least, on the variable support of international charities. Whatever their future, many of these worldwide activities are a legacy from Pirie: others have advocated and contributed to LP technology, but none had his conviction, persistence or intellectual force.
R  
Bill's early interest in the physiology of reproduction was occasioned by his pet rabbits and his mother's nursing books. It became a matter of concern as well as of curiosity at Cambridge, as he considered the effects of the increasing world population on human welfare and nutrition, and recognized the need for cheap, acceptable contraception. In 1952 he wrote to The Lancet pleading for more research on the metabolism of gametes (19) and reviewed the biochemistry of reproduction (20), considering where the processes could be inhibited most effectively. In the same year he helped F. Le Gros Clark to edit Four thousand million mouths (17), summarizing elsewhere (18) one of its main conclusions that 'population pressure is a problem for which we still have no ultimate solution, although there is no need for immediate alarm'.
Bill's practical contribution to the problem was to develop, with Gregory Pincus, inhibitors of hyaluronidase that inhibit conception in rabbits. Sperm, unlike most animal tissues, has an active hyaluronidase, which, as Bill expected, is responsible for 'boring' through the matrix of hyaluronic acid that envelops newly released ova. The work (14) was done during a short visit to the Worcester Foundation for Experimental Biology (Shrewsbury, MA), to which he had been invited by Gregory Pincus whom he had befriended in Cambridge. The inhibitors are derivatives of hyaluronic acid that had been nitrated, but not so thoroughly, as Bill joked, as to make them explosives; they were patented by the Searle Company, which had financed the trip. The patents were never developed although Bill continued to champion them until 1991 (53) . The main reason for this neglect is that the work helped to focus Pincus's inventive mind on contraception, and led him to develop the oestrogenic pill, which has since dominated contraceptive research. As Pincus was later celebrated as the 'father of the pill', Bill light-heartedly claimed to be one of its grandfathers. He also claimed 'to be the only scientist who has worked on both sides of the food/population equation'.
O     
Pirie contributed regularly to the debate on the nature, origins and cosmic distribution of life, writing nearly 40 articles over 60 years. Such an interest was natural to a serious-minded 'dogmatic atheist' who was also a biochemist. But it was reinforced by friendship with J.B.S. Haldane (F.R.S. 1932) at Cambridge and the geochemist V.M. Goldschmidt (For.Mem.R.S. 1943) at RES. His first contribution to the debate (5) was written in 'self-protection' against innumerable queries after the crystallization of viruses; his last appeared in 1994 (56).
Bill was impatient with arguments that life originated outside the Earth, not because this was not possible but because they diverted discussion from terrestrial possibilities. He argued that current life forms and biochemical processes offer little relevant evidence as they represent the most successful forms that have developed, replacing or removing more primitive forms. To consider that these primitive forms depended on nucleic acids or proteins seemed to him 'parochial', and he emphasized the possibility of life-like forms in light-driven, replicating reactions occurring in the organic tars and gums coating the surfaces of metal-containing minerals in the probiotic Earth. He thought these surface tars a more likely host for such reactions than Oparin's more commonly considered 'probiotic soup'. In a striking analogy, involving two vertical cones joined apex to apex, he suggested how the evolution of such life-like forms, involving elements other than those currently used by organisms, might be related to the evolution of nucleic-acid-dependent organisms (56). He was enthusiastic about the ideas of A.G. Cairns-Smith and others who sought replicating patterns, or 'information' flow, in and on the surfaces of clay minerals, and also about the mechanical analogues of replicating patterns designed by L.S. and R. Penrose (F.R.S. 1972) (56). He acquired one such model consisting of identical, oddly shaped pieces, and was pleased to demonstrate how an association of two units could, with mechanical agitation, impose a repeating structure on the others.
Bill suggested that his major contribution to the question of the origins of life was to propose the terminal 's' in 'origins' (12), and he regarded his articles on this subject as 'extremely repetitive' (48). Nevertheless they earned him a reputation such that when space travel and a search for extraterrestrial life became possible, he was appointed chairman of a Royal Society subcommittee on Biological Experiments in Space and he helped to organize five symposia on relevant biology. Bill reviewed other symposia on life's origins, and one review, to his amusement, gave him an unexpected niche in the OED. In a letter to The Listener in 1969 he reported a dinner-table conversation involving himself, Haldane and Carl Sagan, which the OED cites as a printed use of the word 'bugger' in its colloquial substantive sense.
Bill's more considered contributions to the OED were many and included advice on scientific words. They are acknowledged in the front pages of at least one supplementary volume. Bill's knowledge of the dictionary is evident in his writings and in the delight with which he used unusual words and coined new ones. His concern for the proper use of words prompted several letters (for example (25)) on the quality of scientific writing and the pretensions of editors. Bill's writings are enlivened with many quotations from an enormous range of authors, both classical and contempory; these, chosen with wit as well as learning, were a style that he probably derived from Lotka, whose Elements of physical biology (1925) greatly influenced him as a student (44). The breadth of his knowledge of literature is amply demonstrated by his contributions to the debate on the 'two cultures', sparked by C.P. Snow in the 1950s and 1960s (28, 30); in these he argued that the mental activities of creative writers and creative scientists have much in common, and that the real cultural cleavage was between people who were responsive and communicative and those who were not. On a par with this literary scholarship was Bill's knowledge of the history of science. He wrote a few specific historical articles such as 'The role of Rothamsted in making nutrition a science' (54), but he liked to put everything into a historical perspective. Thus, his book on LP (43) begins with a scholarly discussion that gives the credit for discovering the presence of proteinaceous material in leaves to the little-known French chemist Hilaire Marin Rouelle (1718-97); not only is a translation of Rouelle's paper given as an appendix, but great care is taken in distinguishing him from his brother, Guillaume François, with whom he had been confused in the French literature.
R,     β-
When Pirie nominally retired in 1972 he was relocated into the building that had previously housed the LP equipment. A corner of this cavernous room was converted into an office, and the rest into a makeshift laboratory. His tenure on this space was ensured in 1976 when he was awarded the Rank Prize for Nutrition; he persuaded RES to use the resulting £15 000 to buy an annuity on his life, the income from this shrewd arrangement providing adequately for his laboratory expenses and providing amused satisfaction to the Station's finance officer. In these individual surroundings, Bill turned his attention to the stability of β-carotene (provitamin A) in LP.
Feeding trials in Pakistan and India had established the nutritional value of this β-carotene. Bill had anticipated its value in 1942, and had encouraged colleagues to study its destruction during leaf processing. Along with his wife Tony, who was now a Reader in Ophthalmology in Oxford, he was concerned with the worldwide suffering and blindness caused by its dietary deficiency, and eventually became convinced that in present circumstances the β-carotene content of LP was more important than its protein. A spur to his concern was his realization that salt, which he had recommended as a short-term preservative for moist LP, accelerated the destruction of β-carotene.
In five papers (for example (51)) Bill described, but did not satisfactorily elucidate, the β-carotene-destroying system in LP. It is complex, non-enzymic, and its activity varies widely with the leaf species. A conviction that it was associated with fragments of leaf fibre led Bill to design a novel leaf pulper that allowed the collection of leaf sap that flowed freely, without pressure, from leaf pulp. He used this pulper with great pleasure a few times in 1996 and believed that the β-carotene in LP made from such sap was more stable than that made from pressed sap. Increasing infirmities prevented him from establishing this point satisfactorily.
P  
Bill inherited a robust, well-built body that needed little medical attention. A marked astigmatism did not prevent his driving nor, in his Cambridge days, piloting light aircraft. He was invariably alert and active. He needed little sleep, and both fell asleep and woke abruptly.
His outlook was also robust. He had little time for small-talk, thought quickly, concentrated intensely and disliked interruptions when engrossed. He read voraciously and had an outstanding memory; as a young man, he recalled, 'to read was to remember', but he compared his memory unfavourably with those of his friends Dick Synge and Jack Haldane. He could be impatient and abrupt with slower or less-dedicated co-workers and was rather formidable to younger or less-talented people; even the more experienced could find him a demanding colleague. But with receptive minds and with chosen friends he was a most stimulating companion with ready wit and humour. His social conversation, preferably conducted with a glass of home-made wine at hand, was eager, inventive and full of literary allusions. On these occasions he also liked to have the 'big dictionary' at hand to settle etymological queries that always arose. But whatever the day or occasion, Bill seldom allowed these convivial periods to disrupt the work he had in hand.
Bill lived frugally, even austerely, and for 57 years occupied a cottage on the Rothamsted estate. It was modestly furnished, except for the book shelves, and contained many home-made gadgets. A small, fertile garden provided all the green vegetables he required, including nettles. The cottage was only a few minutes' walk from the laboratory, so that Bill could conveniently be there at daybreak in the summer, and stay late in the evening. It was also convenient for the railway to London and to Oxford.
Obituaries and autobiographical notes have stressed Bill's nonconformity and his scientific scepticism. He acknowledged both attributes with pleasure. ' According to family recollections,' he wrote under the title A nonconformist biologist (33) , 'I was born a biologist and a dogmatic atheist.' This nonconformity earned him the family nickname 'Bill', a comparison with the popular conception of 'Kaiser Bill' during World War I. Bill attributed much of his political and scientific attitude to an inborn 'distrust of authority and majority opinion'. 'Whenever I am exposed to orthodoxy,' he continued 'I automatically consider an alternative.' He then lists seven occasions when his 'mischievous' and sceptical reaction to orthodoxy was fruitful.
However, Bill knew that scepticism alone is not enough, and that to be useful 'a sceptic must produce something more than heresies' and that his 'heresies must be based on a thorough knowledge of the basis of current dogma … and this involves hard work'.
It must have been idealism as well as scepticism that drove Bill into libertarian and left-wing movements at Cambridge. His interest in world nutrition grew out of these activities. He was active in the Association of Scientific Workers and in the various Cambridge anti-war groups in the early 1930s; like Tony, he was prominent in the Campaign for Nuclear Disarmament after World War II. These activities were unlikely to have helped to advance his career or to have endeared him to establishment bodies; they hindered his travel to meetings in the USA during the cold war era. Bill commented with amusement, however, on the unorthodox political connections that helped him to introduce an interest in LP into newly independent countries including India and Ghana (52). Bill was generous with his time, advice and money to the organizations that he espoused. Describing himself as an old-fashioned liberal, he was never a member of any of the major political parties; that would have required an uncharacteristic act of conformity.
Bill is survived by his son John and daughter Jane.
A
Pirie's autobiographical notes and articles were an invaluable source of information, as were many conversations with him including that which was put on video for the archives of the Biochemical Society. I am grateful to a number of his friends and colleagues who gave encouragement and help, most notably M.N.G. Davys and Dr J.C. Waterlow, F.R.S. I am especially grateful to Dr B.J. Miflin and Dr R.A. Leigh (RES) for the use of facilities in the Biochemistry Department, and to Angela Arnold, who compiled the bibliography.
